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In t roduc t i on  

The p o t e n t i a l  f o r  producing crude o i l  and a compliance char ( l ess  than 1.2 l b  
SO / MMBtu) by p y r o l y s i s  o f  I l l i n o i s  Basin h igh  v o l a t i l e  bituminous coals  has been 
rezognized f o r  years b u t  i t  has not  been rea l i zed  main ly  because these coals 
agglomerate when py ro l yzed  and because the chars have a r e l a t i v e l y  h igh  s u l f u r  
content. The f e a s i b i l i t y  o f  us ing o i l  shale du r ing  p y r o l y s i s  o f  h igh s u l f u r  coals 
and hyd rodesu l fu r i za t i on  o f  t h e  r e s u l t a n t  coal char i s  c u r r e n t l y  being i nves t i ga ted  
a t  t he  I l l i n o i s  State Geological Survey (ISGS). Although s t i l l  i n  t he  e a r l y  stages 
o f  process development, t h r e e  processes have been conceived which use o i l  shale w i t h  
coa l .  I n  the  f i r s t  process, coal and o i l  shale, o r  coal and r e t o r t e d  shale are 
pyro lyzed i n  a f l u i d i z e d  bed reactor(FBR). 
and coal are processed i n  a FBR. I n  the  t h i r d  process, coal and o i l  shale are 
pyro lyzed i n  a m u l t i s t a g e d  FBR w i t h  coal and o i l  shale occupying separate, 
a l t e r n a t i n g  stages. The coal char product from these processes must be hydro- 
desu l fu r i zed  t o  produce a compliance char. 

I n  the second process, spent o i l  shale 

Pyro lyz ing coal and o i l  shale together  could have many advantages over the  
p y r o l y s i s  o f  e i t h e r  m a t e r i a l  separately. F i r s t ,  p r e l i m i n a r y  ISGS data i nd i ca tes  
t h a t  the i n e r t  m ine ra l s  i n  o i l  shale d i l u t e  t h e  coal -shale mixture,  reducing the  
agglomeration o f  cak ing coals. 
produced from both coal and o i l  shale. T h i r d l y ,  t h e  carbonate minera ls  found i n  o i l  
shale ( c a l c i t e ,  do lomi te )  and t h e i r  corresponding oxides formed dur ing py ro l ys i s  can 
a c t  as scavengers o f  hydrogen s u l f i d e  dur ing p y r o l y s i s  and hydrodesul fur izat ion.  
Research e f f o r t s  have r e c e n t l y  been i n i t i a t e d  a t  I S G S  t o  ob ta in  engineering data i n  
t h e  above areas. The r e s u l t s  presented are t h e  f i r s t  phase o f  a l a r g e r  
thermodynamics and k i n e t i c s  study o f  t he  react ions between o i l  shale and H S. The 
f i n d i n g s  of  t h i s  i n i t i a l  l i t e r a t u r e  review prov ide the  bas is  f o r  t h e  secona phase o f  
ou r  research which w i l l  be presented i n  fu tu re  pub l i ca t i ons .  

Secondly, l i q u i d  and gaseous hydrocarbons are 

Decomposition Reactions 

The most s i g n i f i c a n t  reac t i ons  o f  carbonate m ine ra l s  which occur dur ing the co- 
p y r o l y s i s  o f  coal and o i l  shale a re  shown i n  t a b l e  1. 
carbonate decomposition are s i g n i f i c a n t  because they determine which sorbent(s)  are 
present du r ing  h y d r o d e s u l f u r i z a t i o n  o r  py ro l ys i s .  The o v e r a l l  thermal e f f i c i e n c y  o f  
t h e  process and the  phys i ca l  p roper t i es  of  t he  product oxide are a l so  a f fec ted  by 
t h e  extent  o f  carbonate decomposition. 

The ex ten t  and pathway o f  

Calcium carbonate i n  o i l  shale i s  found as c a l c i t e  and dolomite. Dolomite 
(CaC0,MgCOJ i s  a s i n g l e  phase o f  calcium and magnesium carbonate w i t h  i t s  own 
unique c r y s t a l  s t r u c t u r e .  Dur ing decarbonation o f  t h e  magnesium component t o  form 
ha l f - ca l c ined  dolomite, CaCO MgO, (hc-dolomite) small c r y s t a l l i t e s  o f  MgO appear 
i n d i c a t i n g  a separat ion o f  t d e  ca lc ium and magnesium phases. This separation 
continues through t h e  second decarbonation t o  form f u l l y - c a l  c ined dolomite, CaOMg0, 
( fc-do lomi te) .  Based on t h i s  observation, one would p r e d i c t  t h a t  t he  behavior o f  
t h e  s o l i d  more c l o s e l y  resembles an i n t ima te  m ix tu re  o f  i t s  calcium and magnesium 
components as t h e  c a l c i n a t i o n  proceeds from dolomi te t o  fc-do lomi te.  

I 
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Table 1. Shale Mineral Reactions Occurr ing During Py ro l ys i s  and 
Hydrodesu l fu r i za t i  on 

Equation H,,, ( K c a l h o l e )  Equation No 

~~~ ~ 

Decomposition Reactions 
CaCO, + CaO + CO, 

MgCO, + MgO + CO, 
CaCO,MgCO, + (CaCO, t MgO) + CO, 
CaCO,MgCO, + (CaO + MgO) t 2C0, 

43 

28 

30 
73 

Desul f u r i  za t i on  Reactions 

CaCO, t H,S + Cas t CO, t H,O 

CaC0,MgO + H,S + (Cas + MgO) f H,O + CO, 

28 
-15 

28 
-15 

CaO + H,S + Cas t H20 

CaOMgO + H,S + (Cas t MgO) t H,O 

CaCO,MgCO, t H,S + (Cas t MgO) + 2C0, t H,O 62 

Both the extent  and mechanism o f  do lomi te decomposition are a f f e c t e d  by the  
p a r t i a l  pressure o f  CO . Haul and Markus (1952) fo l l owed  the  decomposition o f  
do lomi te by thermogravfmetric ana lys i s  o f  powdered dolomi te a t  500-900°C under 
var ious p a r t i a l  pressures o f  CO,.. The i r  resu l t s ,  shown i n  f i g u r e  1, i n d i c a t e  t h a t  
t h e  decomposition occurs by two d i f f e r e n t  pathways: 

CaCO,MgCO, + [CaCO, + MgO] + CO, + [CaO t MgO] +2C02 

CaCO,MgCO, + [CaO t MgO] + ZCO, 

Path A 

Path B 

The decomposition fo l lowed Path A when the  p a r t i a l  pressure o f  CO was 12-24 mmHg 
w h i l e  Path B p r e v a i l s  a t  h igher  CO pressures. 
t h e  decomposition reac t i on  i s  simp?y t h e  p a r t i a l  pressure o f  CO , the  concentrat ion 
of CO 
which'a carbonaceous ma te r ia l  ( r e t o r t e d  shale or  coal char)  i s  ox id i zed  t o  supply 
energy f o r  the p y r o l y s i s  stage, t he  presence o f  CO, i n  t h e  recyc led combustion gases 
w i l l  i n h i b i t  t he  carbonate decomposition. 

The onset o f  decomposition i s  a f f e c t e d  by the  presence o f  steam. M a c I n t i r e  and 
Stansel l  (1953) r e p o r t  t h a t  calcium and magnesium components of  do lomi te decompose 
about 2OOOC lower than when a i r  i s  used alone. The same e f f e c t  was observed by 
Burnham e t  a l .  (1980) except do lomi te was a f f e c t e d  t o  a much greater  ex ten t  t han  
c a l c i t e .  

Since the  equi l ibF ium constant f o r  

a f f e c t s  both t h e  mechanism and extent  o f  decomposition. 'For processes i n  

Decomposition reac t i ons  are h i g h l y  endothermic, thus they adversely a f f e c t  the 

The minimum heat fdr 

thermal e f f i c i e n c y  o f  t h e  process. Boynton (1980) described the heat balance f o r  t he  
c a l c i n a t i o n  o f  l imestone i n  a r o t a r y  k i l n .  Between 1.7 and 4.8 MMBtu/ton o f  CaCO 
a r e  expended depending on t h e  heat recovery systems employed. 
c a l c i n a t i o n  a t  t he  d i s s o c i a t i o n  temperature i s  2.5 WBtu/ ton of c a l c i t e  o r  0.61 
MMBtu/ton o f  shale t o  c a l c i n e  an average western shale con ta in ing  33% carbonates. 
Chen e t  a l .  (1982) used t h e  ASPEN computer s imu la t i on  system t o  study t h e  e f f e c t  o f  
c a l c i t e  decomposition on t h e  o v e r a l l  thermal e f f i c i e n c y  o f  an o i l  shale r e t o r t .  
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1 
F i n a l l y ,  t h e  r a t e  and t h e  temperature o f  decomposition a f f e c t  t h e  pore 

s t r u c t u r e  o f  t h e  carbonate minera l  p a r t i c l e s  as we l l  as t h e  shale. Steen e t  a l .  
(1980) repor ted an i nc rease  i n  p o r o s i t y  from 12 t o  29% accompanied by an increase i n  

Surface area and p o r o s i t y  have a s t rong in f l uence  on t h e  r a t e  o f  s u l f i d a t i o n  and 

Campbell (1978) and McCarthy e t  a l .  (1984) have shown t h a t  t he  under t y p i c a l  

i 
surface area from 0.3 t o  8.9 m2/g a f t e r  h a l f  c a l c i n a t i o n  o f  a do lomi te sample. 

absorbance capac i t y  o f  t h e  minerals. 

I 

i 
I r e t o r t i n g  cond i t i ons  CaCO, a l s o  reacts  w i t h  SiO,. The competing reac t i ons  are:  

xCaCO, + ySi0, + CaxSiyOxt2y t XCO, 

CaCO, CaO t CO, 

When a h igh  CO 
reac t i on  t o  f o h  s i l i c a t e s  increased because o f  t h e  g rea te r  l eng th  o f  t ime  requi red 
t o  reach the  decarbonation temperature. Decomposition t o  CaO i s  very r a p i d  once 
t h i s  temperature i s  reached. 
t h e  CO p a r t i a l  pressure whereas s i l i c a t e  format ion occurs a t  about 70O-80ODC. 
Theref i re ,  t h i s  undes i rab le  dep le t i on  o f  a v a i l a b l e  carbonates would no t  be s i g n i f i -  
cant  dur ing p y r o l y s i s  (6OOOC) bu t  may become a problem dur ing hyd rodesu l fu r i za t i on  
(750-850°C) or  i f  t h e  shale i s  r e t o r t e d  p r i o r  t o  m ix ing  w i t h  the  coal t o  be 
pyrolyzed. 

Thermodynamics o f  D e s u l f u r i z a t i o n  Reactions 

gas d e s u l f u r i z a t i o n  by carbonates. 
H CO. CO and H S i n f l u e n c e  t h e  H S adsorpt ion e q u i l i b r i a ,  i.e. equations 5-9, 

p y r o l y s i s  and hyd rodesu l fu r i za t i on  processes, but these condi t ions may not  be the 
most favorable f o r  H S adsorpt ion.  
o f  H S adsorpt ion by 'o i l  shale minerals are reviewed w h i l e  tak ing  i n t o  considerat ion 
the  Pimited range o f  ope ra t i ng  condi t ions t y p i c a l  o f  p y r o l y s i s  and 
hydrodesul f u r i z a t i o n  processes. 

The reac t i on  between ca lc ium oxide and hydrogen s u l f i d e  (eqs. 6 and 8 )  has been 
s tud ied  by many researchers (Uno, 1951; Rosenquist, 1951; Curran e t  al., 1967). 
P e l l  (1971) summarized these experimental s tud ies w i t h  the  f o l l o w i n g  l e a s t  squares 
f i t  of t h e i r  data: 

p a r t i a l  pressure and a slow heat ing r a t e  were used, t he  carbonate 

Oxide format ion occurs a t  600 t o  75D°C depending on 

The ISGS a p p l i c a t i o n  o f  t he  minera ls  i n  o i l  shale d i f f e r s  markedly from fue l  
During p y r o l y s i s  and hyd rodesu l fu r i za t i on ,  H,O, 

1. dpt imal  ,temperatures, pre lsures,  f lowrates,  e tc .  have been s p e c i f i e d  f o r  

I n  the f o l l o w i n g  d iscuss ion the thermodynamics 

Pel l  combined t h i s  expression w i t h  the  data g iven by H i l l  and Winter (1956) f o r  
the decomposition o f  ca lc ium carbonate t o  f i n d  the f o l l o w i n g  e q u i l i b r i u m  expression 
f o r  the reac t i on  between hc-dolomite and hydrogen s u l f i d e  (eq. 7): 

'H20 * 'C02 
l o g  K = l o g  = 7.253 - 5280.5/T 

H2S 
Combining equat ion 11 w i t h  the data given by Stern and Weise (1969) on t h e  

decomposition o f  magnesium carbonate, t h e  f o l l o w i n g  expression f o r  t h e  e q u i l i b r i u m  
between dolomi te and H2S (eq. 9)  i s  obtained: 

276 



\ 1 og 

3. 
and 

(pC02)2 'H20 
K = l o g  = 16.19 - 10,553/T 12) 

H2S 

P l o t s  o f  l o g  K vs 1/T de r i ved  from equations 10-12 are shown i n  f i g u r e s  2 and 
P lo ts  from thermodynamic c a l c u l a t i o n s  based on t h e  data o f  Ba r in  e t  a l .  (1977) 
M i l l s  (1974) are a l so  shown. A number o f  i n t e r e s t i n g  observations can be made 

from these f i gu res .  

1. The e f f i c i e n c y  o f  ca lc ium ox ide as an H,S absorbent decreases a t  h ighe r  
temperatures whereas t h e  e f f i c i e n c y  o f  ca lc ium carbonate increases. 

2 . The thermodynamic c a l c u l a t i o n s  o f  the e q u i l i b r i u m  constant f o r  t he  reac t i on  
o f  H S and l i m e  agree we l l  w i t h  the  experimental data. Since on ly  
therdodynamic data f o r  do lomi te ex i s t s ,  t he  c a l c u l a t i o n s , f o r  t h e  s u l f i d a t i o n  
o f  t he  f u l l  and h a l f  ca l c ines  were made as shown above, 1.e.. s t a r t i n g  w i t h  
dolomite c a l c u l a t i o n s  and combining them w i t h  decomposition data. 
Therefore, t h e  good match between the thermodynamic and experimental values 
shown i n  f i g u r e  3 r e f l e c t  accurate p r e d i c t i o n s  o f  t he  extent  o f  carbonate 
decomposition, no t  s u l f i d a t i o n .  

3. As was mentioned e a r l i e r ,  t he  behavior o f  fc -do lomi te i s  nea r l y  t h e  same as 
t h a t  o f  ca lc ium oxide, and the  reac t i on  o f  hc-dolomite w i t h  hydrogen s u l f i d e  
i s  s i m i l a r  t o  t h a t  o f  c a l c i t e .  On the  other  hand, do lomi te behaves 
completely d i f f e r e n t  than c a l c i t e .  

When coal i s  pyrolyzed, p y r i t e  (FeS ) i s  converted t o  p y r r h o t i t e  (FeS) and 
hydrogen su l f i de .  
captured i n  the carbon m a t r i x  o f  t he  coal o r  char (Huang and P u l s i f e r ,  1977). 
s tud ies  o f  t he  reac t i on  o f  H S w i t h  char, commonly r e f e r r e d  t o  as the  back-reaction, 
have been c a r r i e d  out (Robinton, 1976; Z ie l ke  e t  al., 1954; Jones e t  al., 1966). 
Depending o r t h e  temperature and nature o f  t he  char, t h e  back reac t i on  can occur a t  
H S concentrat ions as low as 300 ppm. An acceptable scavanger should l i m i t  t he  H S 
c incen t ra t i on  t o  t h i s  l e v e l  t o  i n h i b i t  t he  back-reaction. F igure 4 shows t h a t  u n b r  
t y p i c a l  py ro l ys i s  condi t ions,  ca lc ium minera ls  are capable o f  ma in ta in ing  t h i s  l e v e l  
i f  e q u i l i b r i u m  i s  reached. 
300 ppm, i s  p red ic ted  a t  a l l  temperatures of  i n t e r e s t  when CaO i s  present, a t  
temperatures above 400°C when dolomi te i s  present, and a t  temperatures above 750'C 
when CaCO i s  present. Data from t h e  Lurgi-Rhurgas o i l  shale d i s t i l l a t i o n  process 
which r e c j c l e s  ox id i zed  shale t o  the  p y r o l y s i s  bed demonstrates the  r e a c t i v i t y  o f  
CaO toward H,S. 
concentrat ions o f  -1300 ppm and -4000 ppm i n  the  o f f  gas have been repo r ted  by 
Schmalfeld (1975) and Weiss (1982). respec t i ve l y .  S i t r a i  (1984) has a l so  shown t h a t  
r e t o r t i n g  a 1:l m ix tu re  o f  o i l  shale and shale ash reduces the  concen t ra t i on  o f  H,S 
i n  t h e  off-gas t o  l ess  than 100 ppm. 

The hydrogen s u l f i d e  day then be removed w i t h  the  o f f -gas  o r  be 
Many 

The des i red e q u i l i b r i u m  p a r t i a l  pressure, i.e., below 

A t  a recyc le  r a t i o  o f  about 7 /1  and a t  65OoC, hydrogen s u l f i d e  

The decomposition and d e s u l f u r i z a t i o n  react ions o f  carbonates occur i n  
p a r a l l e l .  Therefore, the compet i t ion between the  two react ions should be 
considered. The FACT thermodynamics computing system (Bale e t  al., 1979) was used 
t o  develop the phase s t a b i l i t y  diagrams f o r  Mg-C-H-0-S and the  Ca-C-H-0-S systems 
shown i n  f igures 5-7. Magnesium carbonate i s  unstable w i t h  respect t o  the  ox ide a t  
327OC and .10 atm. CO . As shown i n  f i g u r e  5, a t  hydrogen s u l f i d e  concentrat ions of  
0.6% o r  higher, s u l f i d a t i o n  i s  i n h i b i t e d  u n t i l  about 1227'C. This  r e s u l t  agrees 
w i t h  Westmoreland and Harr ison (1980) who concluded t h a t  MgO i s  t o o  s t a b l e  t o  be 
used as an H2S acceptor. 

temperature, and 750'C. a t y p i c a l  hyd rodesu l fu r i za t i on  temperature f o r  coal char, 
are shown i n  f i g u r e s  6 and 7. 
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phase diagrams f o r  t he  Ca-0-H-S-C system a t  about 5OO0C, t h e  maximum p y r o l y s i s  

A t  600°C calc ium oxide e x i s t s  on l y  a t  carbon d iox ide  



pressures lower than about 0.01 atm. 
cen t ra t i ons  as low as 10 ppm whereas, depending on the C O  concentrat lon,  H S 
concentrat ions from 100 t o  1000 ppm are requ i red  before t t e  carbonate w i l l  Jndergo 
s u l f i d a t i o n .  A t  750°C t h e  r e a c t i v i t y  o f  t h e  ox ide i s  nea r l y  unchanged. However, a t  
t h i s  temperature CaCO pressures as h igh  as 0.2 atm and w i l l  
undergo s u l f i d a t i o n  a? H,S concentrat iorfs as low as 100 ppm. Nonetheless, CaO s t i l l  
appears t o  be the  most reac t i ve .  
t i o n s  o f  Harr ison and Westmoreland (1980) who repor ted t h a t  the most e f f i c i e n t  
d e s u l f u r i z a t i o n  occurred a t  t he  lowest temperature (about 880°C) a t  which CaO was 
f i r s t  formed from CaCO,. 

An increase i n  t h e  t o t a l  pressure, w i t h  a corresponding increase i n  t h e  CO and 
H 0 p a r t i a l  pressures, would i n h i b i t  d e s u l f u r i z a t i o n  by the  carbonates (e  s. 5,'7 
a$d 9)  but would not  a f f e c t  the e q u i l i b r i a  between H S and ca lc ium ox ide qeqs. 6 and 
8). However, a t  a h ighe r  C O  p a r t i a l  pressure recargonat ion o f  the oxide competes 
w i t h  s u l f i d a t i o n  reac t i on .  &der a 0.4 atmosphere pressure of  CO , CaO w i l l  recar-  
bonate at  temperatures below 827OC (Stern and Wiese, 1969). Thus2H,S adsorpt ion by 
any o f  the sorbents considered i s  less e f f i c i e n t  a t  h igher  pressure. However, most 
p y r o l y s i s  and hyd rodesu l fu r i za t i on  processes operate a t  or near atmospheric 
pressure. 

Calcium ox ide w i l l  r eac t  w i t h  H,S a t  gas con- 

I , 
decomposes a t  CO 

These r e s u l t s  are i n  agreement w i t h  the observa- 

Oesul f u r i z a t i o n  K i n e t i c s  

Before any engineer ing dec is ions on t h e  e f fec t i veness  o f  o i l  shale as hydrogen 
s u l f i d e  acceptor are made, d e t a i l e d  i n fo rma t ion  on the  thermodynamics and k i n e t i c s  
o f  react ions i nvo l ved  i s  required. However, thermodynamics on ly  determine whether a 
g iven d e s u l f u r i z a t i o n  reac t i on  could occur, w h i l e  the  k i n e t i c s  determine the  degree 
o f  conversion of a thermodynamical ly a l lowable react ion.  I n  p a r t i c u l a r ,  k i n e t i c  
data are essen t ia l  s ince  i n  most engineer ing modeling c a l c u l a t i o n s  they are combined 
w i t h  t ranspor t  equations t o  p r e d i c t  the performance o f  a given system. 

r o x i d e  w i t h  H S have been repor ted by a number o f  i nves t i ga to rs .  
publ ished wor f  i s  presented i n  t a b l e  2. The experiments were conducted under 
cond i t i ons  where t r a n s p o r t  e f f e c t s  were minimized. 
f o r  t h e  reac t i on  ca lc ium ox ide and H S range from 3.6 t o  38 kcal/mole and those f o r  
t h e  carbonate range from 17.3 t o  60 fcal/mole. 
(1976) and Kamath and P e t r i e  (1981) may be due t o  d i f f u s i o n  res is tances.  The 
a c t i v a t i o n  energy values f o r  t h e  s u l f i d a t i o n  o f  l ime  as repor ted by A t t a r  (1978) and 
Borgwardt e t  a l .  (1984) a r e  37 and 31 kcal/mole. 
be l i eves  t h a t  t he  r e a c t i o n  i s  c o n t r o l l e d  k i n e t i c a l l y  wh i l e  the l a t t e r  be l ieves t h a t  
d i f f u s i o n  through t h e  CaS l a y e r  i s  the c o n t r o l l i n g  step. 
f a c t o r s ,  shown i n  t a b l e  2, a l so  vary by many orders o f  magnitude. 
t h e  data a v a i l a b l e  i n  t h e  l i t e r a t u r e  a re  inconclus ive.  
i t i e s  repor ted i n  t h e  l i t e r a t u r e  can be a t t r i b u t e d  e i t h e r  t o  d i f f e rences  i n  
experimental methodology or i n  t h e  phys i ca l  c h a r a c t e r i s t i c s  of  m ine ra l s  employed. 

The pore s i z e  d i s t r i b u t i o n ,  poros i ty ,  and sur face area of  the sample as we l l  as 
t h e  presence o f  magnesium ox ide have been shown t o  a f f e c t  t h e  r e a c t i v i t y  o f  ca lc ium 
minera ls  w i t h  H2S. 
r eac t i on  of l i m e  w i t h  H S a t  7OOOC i s  p ropor t i ona l  t o  t h e  2.3 power o f  t h e  B.E.T. 
surface area ind icat ing 'product  l a y e r  d i f f u s i o n  con t ro l  a t  these condi t ions.  Other 
authors, however, have observed t h a t  t he  reac t i on  "stops dead" a f t e r  5 t o  25% 
conversion due t o  t h e  s o l i d  product l a y e r  (A t ta r ,  1979; Squires, 1972). 
a l .  (1976) concluded t h a t  t he  c r y s t a l l i t e s  o f  MgO found i n  hc-dolomite increased t h e  
r e a c t i v i t y  o f  t he  ca lc ium carbonate by ma in ta in ing  t h e  p o r o s i t y  o f  t h e  ma te r ia l  and 
h inde r ing  t h e  c o n s o l i d a t i o n  o f  t he  carbonate i n t o  l a r g e r  c r y s t a l s .  Pel1 (1971) a l so  
found tha t  the s u l f i d a t i o n  of  fc-do lomi te p a r t i c l e s  occurred homogeneously through- 
ou t  t h e  s o l i d .  
MgO i n  dolomite, thereby enhancing the r e a c t i v i t y  of t h e  CaO or CaCO, i n  o i l  shale. 

2 78 

The i n t r i n s i c  r a t e  constants  f o r  t h e  reac t i ons  of ca lc ium carbonate or calc ium 
A summary o f  

The repor ted a c t i v a t i o n  energies 

The low values o f  Westmoreland 

However, t he  former author 

The pre-exponent ia l  
It appears t h a t  

The wide range o f  r e a c t i v -  

The work o f  Borgwardt e t  a l .  (1984) showed t h a t  t he  r a t e  o f  

Harvey e t  

The i n e r t  minera ls  i n  o i l  shale could perform t h e  same func t i on  as 
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'\ 
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The r a t e  o f  s u l f a t i o n  ( reac t i on  w i t h  SO,) o f  carbonates has a l so  been shown t o  
be h i g h l y  sample dependent. Borgwardt and Harvey (1972) found t h e  phys i ca l  
p roper t i es  o f  the carbonate stones were much more impor tant  r a t e  determinants than 
the  composit ion o f  t he  carbonate. S i m i l a r l y ,  Fee e t  a l .  (1982) found t h a t  t he  
chemical composition, pore s i z e  d i s t r i b u t i o n ,  and sur face area o f  each i n d i v i d u a l  
l imestone or dolomi te must be considered be fo re  the  performance o f  a s o l i d  as an SO, 
acceptor could be predic ted.  The super ior  s u l f a t i o n  c h a r a c t e r i s t i c s  o f  o i l  shale 
carbonates over pure dolomi te was demonstrated by Fuchs e t  a l .  (1978). 
observed t h a t  t h e  i n i t i a l  r a t e  o f  s u l f a t i o n  f o r  t h e  hc-dolomite i n  shale i s  near ly  
s i x  t imes t h a t  o f  pure hc-dolomite under i d e n t i c a l  experimental condi t ions.  This 
was a t t r i b u t e d  t o  the  f i ne -g ra ined  nature o f  carbonates i n  o i l  shale and t h e  h igh  
surface area o f  t he  d e v o l a t i l i z e d  shale amoung o the r  fac to rs .  I n  the  case o f  
s u l f i d a t i o n ,  as i n  s u l f a t i o n ,  we be l i eve  t h a t  t he  reac t i on  k i n e t i c s  w i l l  more l i k e l y  
depend on the  phys ica l  p roper t i es  o f  t he  s o l i d  than on the minera l  i t s e l f .  
Therefore only r a t e  measurements made w i t h  the  o i l  shale sample w i l l  be useful for 
process design. Published work on t h e  r e a c t i v i t y  o f  t h e  pure minera ls  i s  not  a 
re1 i a b l e  subs t i t u te .  

e f f e c t  on the2 r a t 2  o f  s u l f i d a t i o n  i s  impor tant .  
3% have lowered the r a t e  o f  s u l f i d a t i o n  o f  t he  l imestone (Borgwardt and Roache, 
1984). 
l e v e l s  o f f  near 15%. Oddly enough, do lomi te i s  unaf fected.  The e f f e c t  o f  carbon 
d iox ide  i s  impor tant  because i t  i s  a common component o f  p y r o l y s i s  gas and a product 
o f  t he  s u l f i d a t i o n  of  carbonates. Ruth (1972) repor ted t h a t  not  on l y  t h e  r a t e  o f  
reac t i on  but  a l so  the  ex ten t  o f  s u l f i d a t i o n  o f  ca lc ium carbonate were g r e a t l y  
increased when r a i s i n g  the CO l e v e l  o f  t he  reactant  gas from 3% t o  602. The 
reac t i on  e s s e n t i a l l y  stopped i f t e r  15% conversion when us ing 3% CO 
complete conversion was achieved a t  t h e  60% CO l e v e l .  
CO l e v e l  was no t  p a r t i c u l a r l y  s i g n i f i c a n t .  Th8 c a t a l y t i c  e f f e c t  o f  steam on t h e  
ra?e o f  s u l f i d a t i o n  has a l so  been observed (Pe l l ,  1971; Squires, 1972). 
authors theo r i ze  t h a t  t h e  gas composit ion e f f e c t s  t h e  growth and f i n a l  c r y s t a l l i n e  
s t r u c t u r e  o f  t he  ca lc ium s u l f i d e  l aye r .  Th is  i n  t u r n  enhances or  i n h i b i t s  t he  r a t e  
o f  hydrogen s u l f i d e ,  H,O, or CO, d i f f u s i o n  through the  s o l i d  l aye r ,  and changes the 
o v e r a l l  r a t e  o f  react ion.  

Concluding Remarks 

o i l  shale i s  essen t ia l  i f  t h i s  ma te r ia l  i s  t o  be used e f f e c t i v e l y  as an H S 
scavenger. Thermodynamics show t h a t  under t y p i c a l  cond i t i ons  f o r  coal-oi i !  shale 
py ro l ys i s ,  do lomi te and ca lc ium ox ide are capable o f  ma in ta in ing  t h e  des i red  H,S 
concentrat ion i n  t h e  reactor .  A d d i t i o n a l l y ,  under t y p i c a l  cond i t i ons  o f  char 
desu l fu r i za t i on ,  ca lc ium ox ide w i l l  be an e f f e c t i v e  sorbent. However, because the  
gas residence t ime  i n  an FBR i s  o f ten  on t h e  order o f  a few seconds, t h e  reac t i on  
ra tes  must be h igh  enough f o r  t h e  thermodynamically a l lowed reac t i ons  t o  reach 
equ i l i b r i um.  
determined. I n  add i t i on ,  a thorough understanding o f  t h e  i n f l u e n c e  o f  t h e  gas 
environment and the  e f f e c t s  o f  the s t r u c t u r a l  p roper t i es  o f  t h e  o i l  shale p a r t i c l e s  
(raw, re to r ted ,  or  spent)  i s  essen t ia l .  W e  have begun t o  ob ta in  experimental data 
f o r  t he  react ions between H S and carbonate minera ls  i n  o i l  shale under t y p i c a l  
cond i t i ons  f o r  p y r o l y s i s  and hyd rodesu l fu r i za t i on .  I n  the  near fu tu re ,  we in tend  t o  
study the s t r u c t u r a l  changes o f  o i l  shale p a r t i c l e s  du r ing  H S capture. This 
in format ion w i l l  p rov ide  a bas is  f o r  employing a gas-so l id  rgac t i on  model such as 
t h e  changing g ra in  s i z e  model t o  p r e d i c t  t h e  behavior o f  a s i n g l e  o i l  shale p a r t i c l e  
du r ing  H2S capture. 

They 

Since H , CO , and H 0 are present du r ing  hydrotreatment and py ro l ys i s ,  t h e i r  
Hydrogen concentrat ions as low as 

The e f f e c t  increases as the  concentrat ion o f  hydrogen i s  increased bu t  

a t  600'C whereas 
A t  700'C tt fe e f f e c t  of the 

Most 

A thorough understanding o f  t h e  react ions between H S and carbonate minera ls  i n  

Therefore, t h e  k i n e t i c s  o f  these react ions must be exper imenta l ly  
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Figure 1. The thermogravimetric analysis 
o f  dolomite a t  various temper- 
atures and C02 pressures. 

Figure 3. LogK vs 1/T for the  adsorption 
of H2S by var ious forms o f  CaCO? 

eq 

Figure 2. Log K vs l / T  for t h e  
eq 

adsorption ' o f  H2S by CaO. 
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Figure 4. Equi l ibr ium p a r t i a l  pressure 
o f  H,S i n  the  Dresence o f  

- ". o i l  Shale minerals. 
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